Background:
INTRODUCTION
One of the major objectives of dialysis is to remove metabolic waste products derived from nitrogen protein metabolism that accumulate in patients with chronic kidney failure. Hence, it has been suggested that minimum dialysis requirement should relate to the rate of metabolic waste production and could be based on factors which reflect the metabolic activity. However haemodialysis (HD) adequacy is currently measured by a dimensionless parameter Kt/V, where K is dialyser urea clearance, t is the dialysis time and V is the urea distribution volume (or Watson Volume) equating to total body water 1 . V is linearly related to body weight such that smaller individuals will require relatively less dialysis dose compared to their larger counterparts to achieve the same Kt/V target. However, the relative concentration of metabolic wastes per unit of body weight may be higher in small individuals 2 as the ratio of lean muscle mass and visceral organs is relatively higher compared to body fat 3 and hence, they risk being under-dialysed in relation to their metabolic needs.
A subgroup analysis of HEMO study suggested that women had a survival benefit when given higher dialysis doses 4 . Others have also demonstrated an inverse relationship with mortality and body size in HD patients [5] [6] [7] [8] . There are a number of possible explanations for this phenomenon one of which may be the prescription of haemodialysis based on V rather than on the patient's metabolic need. A number of alternate parameters for scaling dialysis dose, which better reflect the metabolic activity, have been suggested [9] [10] [11] .
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Body surface area (BSA) has been proposed as an alternative for scaling dialysis dose as normalising the dose based on BSA will provide more dialysis for women than when using Kt/V 12 .
Resting energy expenditure (REE) is the sum total of all metabolic activities at rest and as such may reflect the rate of metabolic waste production. Physical activity increases the urea generation rate in haemodialysis patients 13 and as such, may increase dialysis requirements. Total Energy Expenditure (TEE) encompasses both REE and energy expenditure from physical activity and hence, may reflect total metabolic waste production. Our aim in this study was to explore the equivalent dialysis dose that would be delivered using the above parameters for scaling corresponding to the current recommended minimum Kt/V target of 1.2. We also aimed to identify patient characteristics that would be associated with risk of suboptimal delivered dialysis doses with current dosing practice.
SUBJECTS AND METHODS

Ethical Review
The study was approved by the North Wales Regional Ethics Committee. All subjects gave informed written consent to take part.
Subjects
Chronic adult HD patients older than 18 years and with dialysis vintage greater than 3 months were recruited from the participating renal units. Exclusion criteria included patients dialysing for other than thrice weekly frequency, those with amputated limbs and those with no capacity to consent. Study information sheet, consent forms and 7 questionnaires were translated into Bengali and Urdu to facilitate data collection from non-English speaking patients in the participating units.
Study Protocol
Data collection
The following data were collected from each patient.
1. Demographic data including age, sex, dialysis vintage, employment status 2. Anthropometric data including height and weight were collected by direct measurement pre-and post-dialysis. Pre-dialysis weight was used to estimate
Watson Volume (V).
3. Comorbidity data was collected by using a self-report questionnaire 14 . This scale is based on self-reporting of the presence and severity (grade 1-3) of 7 potential comorbidities -arthritis, cancer, diabetes, heart disease, lung disease, liver disease, and stroke. The maximum score is 21. High comorbidity is designated as a composite self-report comorbidity score (CSCS) > 3.
4. Routine pre-and post-dialysis biochemistry and haematology results were obtained from the local pathology system. Single-pool Kt/V (spKt/V) was calculated using Daugirdas formula 15 .
Physical activity data was obtained through Recent Physical Activity
Questionnaire (RPAQ). RPAQ enquires about activities performed at home, work and leisure time and also the time spent on each activity in the preceding 4 weeks. It has been validated against doubly labelled water technique in general population 16 and has been shown to be a reliable tool for estimation of energy expenditure in CKD patients 17 .
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Estimation of Alternative Scaling Parameters
Body surface area (BSA) using the Haycock formula 18 and Watson Volume (V) 1 were derived from these measurements.
Normalised protein catabolic rate (nPCR) was estimated using the below formula. 
Kt = 1.2 * V
Hypothetical target values of Kt/nPCR, Kt/BSA, Kt/REE and Kt/TEE for each patient were calculated by dividing Kt by the observed value for each parameter.
Statistics
Statistical analysis was carried out using SPSS ® version 19 (SPSS Software, IBM Corporation, New York, USA). Normally distributed data are presented as mean ± SD.
The significance of differences between means was determined by Student's t-test.
The significance of differences between multiple group means was assessed by ANOVA with differences between individual groups being assessed using the post- 
RESULTS
A total of 1500 patients (910 men and 590 women) were recruited. Their main demographic, biochemical and dialysis characteristics are set out in Table 1 . Women were slightly younger, a higher proportion of them classified themselves as black, and fewer classified themselves as employed. All body size parameters were significantly greater in men than women. Men had slightly higher serum urea and haemoglobin levels compared to women. Watson Volume, BSA, REE, mean daily METs, PAEE and TEE were all significantly lower in women than men. There were also marked differences in these parameters with respect to body size. Table 2 shows the influence of the body weight (expressed in quartiles). For each parameter there was a significant difference between the means across the quartiles as judged by one-way ANOVA. Smaller patients received a much lower overall dose expressed in terms of Kt. The effects of body size on target dose expressed in terms of the metabolically normalised parameters studied were similar though of lesser magnitude.
Patient age also influenced these parameters (Table 2 ). For Kt there was a significant reduction across age quartiles by ANOVA. The magnitude of the reduction was smaller for Kt/BSA but still significant. However both Kt/REE and Kt/TEE increased with increasing age, suggesting a need for higher dialysis doses, by these criteria, in the younger age groups. Table 2 also shows the differences between these parameters with respect to ethnicity.
In general the equivalent dose for South Asians was lower than that for Blacks which was lower than that for Whites. For Kt, Kt/REE, Kt/TEE there was a significant difference in means between ethnic groups by one-way ANOVA. For Kt/BSA the differences were not significantly different. These findings suggest ethnic differences in dialysis requirement, with relatively higher doses being required in the South Asian group, though it should be emphasized that this is based on differences in body size characteristics and estimated physical activity, rather than any possible ethnic differences in energy metabolism.
Patients with high comorbidity (CSCS >3) had slightly higher Kt/REE and Kt/TEE levels than their counterparts with lower comorbidity, though values of Kt/BSA were slightly lower ( Table 2 ). Values of Kt/REE and Kt/TEE were consistently higher in those with arthritis, cancer, diabetes and heart disease than in those without these conditions. This implies that patients without comorbidities need higher dialysis doses according to these criteria, though again, these findings, based mainly on body size and physical activity, do not take into account potential differences in energy metabolism which may be associated with the specific comorbidities.
Patients in employment had lower levels of Kt/TEE than those not employed, though levels of both Kt and Kt/BSA were higher (Table 2 ). This reflects the significantly greater weight (79.4 ± 18.4 vs. 74.7 ± 18.2 kg; p < 0.001) and physical activity energy expenditure (707 ± 339 vs. 242 ± 124 kcal/day; p < 0.001) of employed individuals.
We also estimated Kt/nPCR and examined the relationships amongst different variables as shown in Table 2 . Kt/nPCR was found to be significantly lower in women (40200 ± 12900 vs. 51100 ± 15700 ml/g/kg/day, p <0.001) and in those with lower comorbidity (46100 ± 15100 vs. 48500 ± 16400 ml/g/kg/day, p = 0.008).
Kt/nPCR was also the lowest in those in the first weight quartile compared to the rest of the quartile groups with significant difference noted between the means across the quartiles using One-way ANOVA (p <0.001). There was no significant difference noted in the dose that would be delivered using Kt/nPCR in employed people 13 compared to unemployed (47400 ± 14500 vs. 46700 ± 15700 ml/g/kg/day, p = 0.604), in patients of different ethnicity or across age quartiles using One-way ANOVA.
Given the major influence of gender on these parameters we examined the within gender differences in relation to body weight, age, ethnicity, comorbidity and employment status. Figure 1 depicts the effect of weight on these parameters. It can be seen that gender has a major effect on these parameters with females having much lower levels of all four parameters i.e. Kt, Kt/BSA, Kt/REE and Kt/TEE. Smaller males have significantly lower levels for all parameters than larger males whilst for women there is little additional effect of weight on parameter value. This implies that females have a requirement for a greater dialysis dose -and that this overrides any effect of weight, whilst smaller males require a greater relative dose than larger males.
The effect of age, ethnicity, comorbidity, and employment status on Kt/TEE is shown in Figure 2 -chosen since the findings were most consistent for this parameter. In both males and females Kt/TEE was lower for younger patients, for those with low comorbidity, and for those in employment. In males, there seemed little influence of ethnic group on Kt/TEE, whereas in South Asian females Kt/TEE was slightly but significantly lower than in other females (24.17 ± 2.70 vs. 24.93 ± 2.94 ml/kcal; p < 0.001). In linear regression models (Table 3) , age, sex, weight and South Asian ethnicity were found to be independent predictors of Kt/BSA and Kt/REE. In addition to these variables, employment status was also found to be an independent predictor in the model with Kt/TEE as the dependant variable. In the model with Kt/nPCR as the dependent variable, sex, weight and South Asian ethnicity were found to be independent predictors.
DISCUSSION
This study aimed to explore the minimum dialysis dose corresponding to current recommended Kt/V target that would be delivered using some of the alternative scaling parameters and also to identify the characteristics of patients who are at risk of under-dialysis with current dosing practice. We found that the predicted minimum There has been an ongoing debate as to how best adjust haemodialysis sessional dosing for individual patients. Some authors have argued that Kt/V is the best parameter to make adjustments, while others have refuted it 21, 22 . Daugirdas et al have shown that BSA-based dialysis dosing will result in higher delivered dialysis doses to women and small men 23 . A recent study has also shown a better relationship with survival for the BSA-based dosing compared to current practice 24 . On the other hand, Morton and Singer have argued that the dialysis dose should be based on metabolic rate because of the non-linear correlation between body mass and metabolic rate 25 .
We have previously reported that women have relatively higher urea generation rate 15 and TEE is an independent predictor of urea generation rate 13 . This would mean that TEE could also be considered a potential scaling parameter for dialysis dosing. The pros and cons of some of these proposed parameters for scaling dialysis dose have been discussed previously 9 .
Our study demonstrates that with V-based dosing, women of all body sizes are at risk of under-dialysis compared to similar-sized men if equivalent doses are estimated using alternate metabolic parameters. This shows that V-based dosing targets need to be gender-specific unlike current recommendations. We also found that smaller individuals, both women and men, would receive significantly lower dialysis dose with BSA-based dosing compared to their larger counterparts as per the current minimum dialysis dose target. This implies that V-based dosing targets also need to be body-size specific. Alternately, using parameters such as BSA, REE or TEE may inherently adjust for these gender and body size differences thus negating the difficulty of having multiple dose target thresholds.
We also explored the use of nPCR as a scaling parameter, and found that for an identical target Kt/V, Kt/nPCR was lower in women, in those in the lowest weight quartile and in those with low comorbidity. This is not dissimilar to the other three parameters we have investigated. Use of Kt/nPCR though has the disadvantage of only being available post-hoc following peri-dialytic blood sampling, so though it may have utility in assessing delivered dose, it may be of limited value in dialysis prescription.
We also identified other possible patient characteristics that may be associated with risk of under-dialysis. Younger patients, those with low comorbidity and those who were employed would receive lower doses compared to their counterparts irrespective of whatever metabolic parameter was used for comparison. Patients of South Asian ethnicity are also found to be at risk of under-dialysis if REE or TEE were considered as scaling parameters. Bioimpedance studies have suggested differences in body composition, particularly muscle mass, in South Asians compared to Whites and Blacks 26 . However, these subgroup differences are likely to be secondary to the differences in body weight, and physical activity levels rather than a direct effect of these characteristics on metabolic needs. Given this relationship between age, sex, weight, ethnicity and employment and energy metabolism, these factors were shown to be significant in predicting Kt/TEE in a linear regression model.
There is dearth of comparative clinical studies using these 3 parameters and hence, it is difficult to ascertain if one of these parameters is superior to others in providing dialysis dose based on metabolic needs of the individual. Daugirdas et al have argued that theoretically using REE, unlike BSA, will not result in substantial increase in dialysis dose to women 9 . However, there is evidence to suggest that metabolic rate drives the glomerular filtration rate (GFR) 27 . Also, GFR and metabolic rate scale to body mass with virtually the same exponent 28 . Hence, metabolic rate i.e., REE could be a potential scaling parameter. Physical activity contributes to increased metabolism and thereby, higher metabolic waste production. It could be argued that TEE, incorporating both REE and physical activity, could be a better parameter more accurately reflecting total metabolic activity. As in the resting state, muscle metabolism is low but muscle mass is associated with physical activity. However, these are theoretical arguments and there is need for comparative outcome-based studies employing standardised forms of these parameters to examine the effects of dialysis based on these different scaling factors.
Our study has some limitations. This was a cross-sectional study with estimations of metabolic parameters carried out from a single anthropometric reading. However, we recruited 1500 patients and directly measured anthropometric values from each subject and not derived from historic medical records. We also recruited an ethnically diverse population and also did not restrict patient size, and as such, included patients with very different body composition. TEE was calculated from physical activity data collected through a recall questionnaire, which enquires about various activities in the preceding 4 weeks. As with any questionnaire methods, recall bias is a potential confounder in the accuracy of the data. Nevertheless, the physical activity level in our study cohort is in line with many previously published studies in haemodialysis patients. Although doubly labelled water is the gold standard method to measure TEE, the cost and cumbersome nature of studies using this method precludes it from being employed in large-scale epidemiological studies such as ours. We also used these anthropomorphic measurements to calculate total body water using the Watson equation, and subsequently used this value to estimate target Kt. Use of bioimpedance may have provided a more precise estimate of total body water as well as data on body composition. However in this multicenter study of 1500 patients, bioimpedance equipment was not available in all centres as is often the case in many centres in routine clinical practice. Hence all current clinical guidelines recommend using the Watson equation to calculate V. As such our methodology followed currently published clinical guideline recommendations.
In conclusion, we have demonstrated that some of the metabolic parameters may be used to scale delivered dialysis dose and that V-based dialysis dosing used in current clinical practice risks under-dialysing women and small men. Our study findings additionally suggest a gender-, body size-and physical activity-specific V-based dosing or dosing based on these alternate metabolic parameters. Further outcomebased studies will be useful in assessing the applicability of these alternate scaling parameters in routine clinical practice. 
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FIGURE 1
Predicted delivered dialysis dose in relation to gender-specific mean body weight using (A) Kt (B) Kt/BSA (C) Kt/REE and (D) Kt/TEE.
Error bars represent mean and 95% confidence interval.
Males (open circles) and females (filled circles). BSA -Body surface area, REEResting Energy Expenditure, TEE -Total Energy Expenditure
